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INTRODUCTION 
Application of electromagnetic acoustic transducers (EMATs) to 
nondestructive testing has a potential advantage over conventional ultrasonic 
testing, because EMATs require no contact between a transducer and a test 
specimen. So far there have been various studies dealing with theoretical basic 
analysis for understanding physical phenomena of EMATs[l], numerical approaches 
for design optimization of EMAT systems[2], and their industrial applications[3]. 
Though flaw detection by using ultrasonic waves generated by either conventional 
transducers or EMATs usually utilizes only echoes from flaws as detected 
information, noncontactness of EMATs, leading to easy theoretical formulation of 
wave generation or detection, can make EMAT testing a promising method of flaw 
identification through thorough inverse analysis of detected wave signals. 
Thus, aiming at establishing inverse flaw analysis of EMATs, this research 
deals with fundamental analysis of propagation of acoustic waves in a conductor 
generated by an EMAT. First the governing equations describing these processes 
are shown on the basis of electromagnetics and elastodynamics. One-dimensional 
theoretical analysis based on these equations gives a fundamental relation of 
excitation coil current, Lorentz force and displacement in a conductive specimen. 
Two-dimensional FEM simulations are also carried out for examining effect of a 
flaw on wave propagation. 
ELECTRO MAGNETICS AND ELASTODYNAMICS IN EMAT SYSTEMS 
An EMAT usually consists of a coil for generating time-varying magnetic 
field and a permanent magnet for generating static one. By the time-varying field 
generated by a.c. current supplied to the coil, eddy current is induced in a 
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boundary layer near the surface of an elastic and conductive specimen. Interaction 
between the eddy current and the tim(}ovarying and static magnetic field causes 
tim(}ovarying electromagnetic force near the surface. This body force generates 
elastic waves which propagate in the specimen. Detecting waves by an EMAT is 
also possible by the inverse procedure. Physical phenomena of EMATs can be 
described as coupling of electromagnetics and elastodynamics, by neglecting 
thermoelastic coupling[1]. The governing equations for electromagnetic fields are 
given by the Maxwell equations with constitutive equations between the current 
density J and the electric field E and between the flux density B and the magnetic 
field H: 
- aB --VxE=-- VxH=J fJf; , 
~ (~au ~) J=u E+fJf;XB 
V·E=O , V·B=O 
ii = /LH 
where u is the electrical conductivity and /L is the magnetic permeability. The 
governing equation for elastodynamics is given by the displacement equation of 
motion with a term of electromagnetic external force: 
~u ~ ~ 
P fJf;2 - (2G + A)V(V . il) + GV x (V x il) = J x B 
(1) 
(2) 
(3) 
where il is the displacement, p is the mass density, A and G are the elastic 
constants. These equations are coupled through the term ftJi x B in Equation (2) 
and the term J x B in Equation (3). However, the term ftJi x ii, which 
corresponds to the counter electromotive force due to the vibration in the 
magnetic field, is negligible compared with the electric field due to the transient 
magnetic field. With this term neglected, the above equations are decoupled and 
they have only a on(}oway relation, so that the solution can be obtained by solving 
electromagnetics first, and then solving elastodynamics. 
THEORETICAL AND NUMERICAL ANALYSIS OF 1-D WAVES 
Analysis Model and Nondimensionalization 
To understand the phenomena of EMATs, we first consider the 
on(}odimensional case modeling an area right under the coils of EMAT generating 
compressional waves, and examine analytically characteristics of wave generation 
and propagation. As shown in Figure 1, the model consists of an conducting 
elastic half-space (x ~ 0) and wires carrying currents in the y direction. We 
assume static magnetic field Bo is applied uniformly in the z direction. The 
time-varying uniform field due to the wire currents is also applied in the z 
direction. In this case, eddy current J is induced in the y direction, and the 
displacement has only the x component u." leading to propagation of a 
compressional wave in the x direction. Here, supplied currents are assumed to be 
sinusoidal at the angular frequency w. By choosing the skin depth 6 = V2/(/Luw) 
and tilcL ,where CL == j(2G + A)I p is the speed ofthe compressional wave, and 
the static field Bo as the characteristic length and time and magnetic field scales, 
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Figure 1. One-dimensional model of EMAT. 
Equations (1)-(3) are nondimensionalized as follows: 
aB NffB 
7ft - 2 ax2 = 0 , B(O, t) = ,8 sin Nt + 1, B(x,O) = 1, (4) 
aJ N ff J 
at - 2 ax2 = 0 , 
aJ 
ax (0, t) = -2 cos Nt, J(x,O) = 0, (5) 
ffux _ ffux = JB 
at2 ax2 , ~~ (0, t) = 0, ux(x,O) = a~x (x, 0) = 0, (6) 
where two nondimensional groups N and,8 appear. N == V2w/(fJD)/CL is a 
nondimensional angular frequency, and ,8 == IB - Bolmax/ Bo is the ratio of the 
amplitude of the time-varying magnetic field to the static field . Steady-state and 
transient solutions for the above set of equations are shown as below. 
Steady-State Solution 
The steady-state solution for the electromagnetic fields is given as 
B(x, t) = ,8e-x sin(Nt - x) + 1, J(x, t) = V2e-x sin(Nt - x + ~). (7) 
From these equations, we find that magnetic field and eddy current distribute only 
near the surface decaying exponentially from the surface to the inside with the 
order of skin depth 0. As a result, electromagnetic force density 
f(x, t) = J(x, t)B(x, t) acts also only near the surface, becoming 
f(x, t) = V2e- x sin (Nt - x + ~) + ~e-2x { V; -cos (2Nt - 2x + ~) } . (8) 
Here . the first term at the angular frequency N is due to the interaction of the 
eddy current J and the static magnetic field Bo, and the second term consisting of 
the d.c. component and the component at the angular frequency 2N are caused by 
the interaction of the eddy current J and the time-varying magnetic field . Usually 
the first term is dominant over the second one, because the static field due to the 
permanent magnet is larger than the time-varying field, i.e. ,8 « 1. The 
steady-state solution for the elastic vibration becomes 
ux(x, t) = ~[1- cos{N(t - x}}]- ~ sin{2N(t - x}} + ~(t - x) 
-V; e-x sin (Nt - x - D -~e-2X [1 - V; sin {2(Nt - x) - ~}]. (9) 
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Here the first and second terms denote incident waves at the angular frequency N 
and 2N, respectively, and the third term denotes the deformation due to the d.c. 
component of the electromagnetic force. Among these terms, the first one is 
dominant. The fourth and fifth terms decay with the distance from the surface, 
and they are smaller than the other terms even near the surface. 
The electromagnetic force is a body force given by Equation (8), but the 
area of its distribution is almost limited to the skin depth Ii from the surface. Since 
it is small, we can assume the total electromagnetic force acts on the surface. The 
total force can be expressed as 
F(t) = l>O f(~, t)~ = ~ GB!(O, t) + Bw(O, t) } = ~(1 - cos 2Nt) + sin Nt. (10) 
It can be noted that the total force is a function of the time-varying magnetic field 
on the surface. Surface force approximation gives the solution of the elastic 
vibration as 
u",(x,t) = ~[1- cos{N(t - x)}]- :rv sin{2N(t - x)} + ~(t - x). (11) 
Though this approximate solution does not have the fourth and fifth terms in the 
exact solution given by Equation (9), this surface force approximation is valid for 
evaluating elastic vibration, because those two terms are not dominant. 
Transient Solution 
In practical EMAT testing, it is important to examine transient response 
during a few periods of the input. Transient solutions for Equations (4)-(6) are 
given by: 
B(x,t) (12) 
J(x, t) (13) 
u",(x, t) 
(14) 
where f(x, t) = J(x, t)B(x, t). Figure 2 shows nondimensionalized time histories of 
electromagnetic force density at x = 0.5 and displacement at x = 75.7, obtained by 
numerical integration. The steady-state solutions given by Equations (8) and (9) 
are also plotted in this figure. The parameters used here are N = 0.083 and 
f3 = 0.019. According to this figure, while change of the force in time near the 
surface shows some transient effect for a short period of the start-up, the 
displacement at a point inside has, after the wave reaches the point, the same 
change as the steady-state solution. It seems contradictory that the elastic 
vibration gets steady state from the beginning while the external force does not. 
However, if the electromagnetic force is regarded as a surface force, as stated 
above, its time-dependence corresponds to change of the magnetic field in time on 
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Figure 2. Time histories of electromagnetic force density and displacement (in 
nondimensional variables) . 
the surface and thus to that of the excitation current. The external surface force, 
therefore, changing in steady state from the start even in transient cases, makes 
the elastic vibration steady state from the beginning, even if the electromagnetic 
fields show transient effect. 
2-D NUMERlCAL ANALYSIS OF A FLAW MODEL 
Analysis Model and Numerical Method 
Figure 3 shows a two-dimensional model consisting of a permanent magnet 
with its magnetization 1.3T, a 9-turn coil, and a copper specimen with a flaw 
inside. Material parameters used here are the mass density p = 8.65 x 1Wkg/m3 , 
the electrical conductivity (J = 6.25 X 107 S/m, the elastic constants 
G = 45.2 X 109 Pa and ,\ = 98.8 X 109 Pa. Input to the coil is assumed to be a 
sinusoidal current at 1MHz with its amplitude 1A for its period T = 1O- 6sec. In 
numerical electromagnetic analysis, the magnetic vector potential formulation is 
adopted and a hybrid FEM-BEM method is applied[4] . Since distribution of the 
electromagnetic fields is limited to a boundary layer near the sl ~rface, only that 
area is divided into meshes and solutions of the eddy current J and the magnetic 
flux density B near the surface are obtained numerically. The total force F is 
obtained by integrating the electromagnetic force density [, calculated by J x B, 
along the y direction. In numerical analysis of elastodynamics, a commercial FEM 
code" MARC" is used, and the whole area of the specimen is analyzed. The total 
force F obtained by electromagnetic analysis is treated as a surface external force 
in the analysis of elastodynamics. By using the symmetric condition, the region to 
be meshed reduces to one-half in analyses of electromagnetics and elastodynamics. 
Magnet (1.31) ~ 
Coil (9lum ) " 
•• 2 N 
. ~~~ 
@' ,: r::----:-____ CE:l __ -, 
Flaw 
Figure 3. Two-dimensional numerical model of EMAT. 
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Numerical Results 
Figure 4 shows computed distribution of time-varying magnetic field due to 
the coil and eddy currents and that of electromagnetic force density after a quarter 
of the period of the coil current, T /4. Right under the coil, the magnetic field is 
almost parallel to the surface, and the force is large and perpendicular to the 
surface, as seen in the one-dimensional analysis. Simulated wave propagation is 
shown in Figure 5, with the displacement magnified 4 x lOS times. Elastic waves, 
generated right under the coil, propagate radiately. 
Figure 6 shows time histories of the displacement at a point 'P' for different 
positions of the flaw. If the position of the flaw is lower (deeper) and thus closer to 
the observation point 'P', response at 'P' is more delayed in the beginning, but 
later the displacement is larger. This fact can be understood from Figure 7 which 
shows distributions of the displacement vector around a flaw locating upper or 
lower. While at t = T the displacement is mostly due to the incident wave 
traveling around the flaw, at t = 3T /2 the displacement is mainly due to the wave 
reflected at the flaw. Thus, in the case of a lower flaw, 'P' is just behind the flaw 
so that the incident wave reaches it later in early time, but after a while effect of 
the reflected wave appears larger, because 'P' is closer to the flaw boundary. 
Coil Magnetic field lines 
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Figure 4. Computed distributions of time-varying magnetic field and 
electromagnetic force density. 
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Figure 5. Simulated propagation of acoustic waves. 
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Figure 6. Time histories of displacement at 'P' for different positions of a flaw. 
(3) upper, I = (b) lower, I = T (c) upper, t = 3T/2 (d) lower, t " 3T12 
Figure 7. Distribution of the displacement vector around a flaw locating upper and 
lower at t = T and 3T /2. 
(a) V'u (no flaw) (b) (v x u). (no flaw) 
(c) "1 · ii (with a flaw) (d) (v x u}z (with a flaw) 
Figure 8. Contour lines of 'V . ii and 'V x ii for models with and without a flaw. 
Divergence and Rotation of the Displacement 
Divergence and rotation of the displacement, satisfying the wave equations 
correspond to a compressional wave (P wave) and a shear wave (S wave), 
respectively. Figure 8 shows distributions of each wave obtained by differentiation 
of the computed displacement. We can see difference in the speed of the two 
waves, which is known well. While S wave propagates slower than P wave in the 
specimen without flaws, if a flaw exists, S wave appears around the flaw earlier 
than in the case of no flaw. This may be due to mode conversion of each wave on 
lSI 
the flaw boundary. On reaching the flaw, P wave is converted as part into S wave 
when incident S wave generated near the surface of the specimen does not reach 
the flaw yet. This fact implies that S wave propagating faster than usual has some 
information on flaws in the specimen, and there seems a possibility of flaw 
identification by using this information. 
CONCLUSION 
In this research we carried out fundamental analysis of generation and 
propagation of acoustic waves by an EMAT. One-dimensional analysis has shown 
narrow distribution of the electromagnetic force near the surface of the specimen, a 
dominant term in the steady-state solution of the displacement vibrating at the 
frequency of the excitation current, and a close relation between the displacement 
and the excitation current in transient cases. Two-dimensional FEM simulations of 
a flaw model show some effects of a flaw on wave propagation. Such flaw 
information delivered by waves can be useful for flaw identification by EMATs. 
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